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Abstract—A multi-access multiple-input multiple-output
(MIMO) relay differential chaos shift keying cooperative
diversity (DCSK-CD) system is proposed in this paper as a
comprehensive cooperation scheme, in which the relay and
destination both employ multiple antennas to strengthen the
robustness against signal fading in a wireless network. It is
shown that, with spatial diversity gains, the bit error rate (BER)
performance of the proposed system is remarkably better than
the conventional DCSK non-cooperation (DCSK-NC) and DCSK
cooperative communication (DCSK-CC) systems. Moreover,
the exact BER and close-form expressions of the proposed
system are derived over Nakagami fading channels through
the moment generating function (MGF), which is shown to be
highly consistent with the simulation results. Meanwhile, this
paper illustrates a trade-off between the performance and the
complexity, and provides a threshold for the number of relay
antennas keeping the user consumed energy constant. Due to
the above-mentioned advantages, the proposed system stands
out as a good candidate or alternative for energy-constrained
wireless communications based on chaotic modulation, especially
for low-power and low-cost wireless personal area networks
(WPANs).
Index Terms—multiple-input multiple-output (MIMO), relay,
bit error rate (BER), differential chaos shift keying cooperative
diversity (DCSK-CD), Nakagami fading channel.
I. INTRODUCTION
Inspired by the wideband nature, chaotic signals have shown
a great promising for spread-spectrum communication systems
[1]–[3]. Among the digital communication schemes proposed
so far, the chaos shift keying (CSK) and differential CSK
(DCSK) have been widely studied and analyzed in recent years
[4]–[8] attracted by their excellent capacity against multipath
fading and time delay. Between these two schemes, DCSK is a
non-coherent method which only requires frame or symbol rate
sampling instead of channel estimation [9]. Furthermore, the
hardware advantage of the DCSK scheme does not demand
extra spreading and dispreading circuits in the mono-user
case [10]. As a result, this method is more practical at the
expense of some performance degrading in comparison with
its coherent counterpart.
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In a wireless network, signal fading aroused from multipath
propagation is one important factor that influences the system
performance. Many methods have been proposed to overcome
this weakness. On the one hand, some chaotic cooperative
communication systems have been suggested to deal with
multipath fading, e.g., the DCSK cooperative communication
(DCSK-CC) systems [11], [12], which can provide a consider-
able gain over the conventional DCSK systems. On the other
hand, multi-antenna techniques are particularly attractive as
they can be easily combined with other forms of diversity.
The use of multiple antennas at all terminals or only the
receiver ends of a wireless link, which are called multiple-
input multiple-output (MIMO) or single-input multiple-output
(SIMO) techniques, demonstrates a significant improvement
in link reliability and spectral efficiency [13], [14]. Motivated
by these observations of advantages, several MIMO [15], [16]
and SIMO systems [17] have been carefully studied aiming to
improve the performance of the DCSK communications over
fading channels. As a potential application, applying MIMO
technique to relay networks has been considered in recent
years [18], [19], referred to as cooperative diversity. Moreover,
some theoretical research on MIMO relay channels has been
carried out, such as their capacity analysis [20], [21].
Due to the advantages of low cost and low complexity,
some ultra-wideband (UWB) systems based on DCSK or
FM-DCSK have been considered for wireless personal area
networks (WPANs) and wireless local networks (WLANs)
[22]–[24]. In addition, a SIMO FM-DCSK UWB system has
been proposed [25] to further improve the system performance
in such environments.
However, little research has been conducted focusing on
the performance improvement of the multi-access DCSK sys-
tems. To address this problem, the MIMO relay technique is
introduced to the multi-access DCSK system in the present
paper, which will be called an MIMO relay DCSK-cooperation
diversity (DCSK-CD) system. Although channels are assumed
to be Rayleigh fading in most studies for DCSK systems, it
was pointed out that path fading statistics are more suitably
to be described by a Nakagami distribution [26]. In fact,
Nakagami channels have already been used for research on
cooperation systems [27], [28]. Motivated by this observation,
the presently proposed system will be investigated over fading
channels subjected to Nakagami distribution. In the proposed
system, the relay and destination can employ multiple antennas
to construct two SIMO and one MIMO systems of DCSK,
on the source-relay link, source-destination link and relay-
destination link, respectively. The new cooperation scheme can
significantly enhance the capacity against signal fading in a
2wireless multipath fading channel with moderate complexity.
The performance of the proposed system is much better
than the conventional DCSK-NC and DCSK-CC ones [12]
according to our theoretical analyses and simulated results, to
be reported below, where more gain can be achieved as the
number of antennas used increases. Moreover, a threshold for
the number of relay’s antennas will be derived provided that
each user is subjected to an energy constraint. Furthermore,
a close-form BER expression over Nakagami fading channels
will be derived by using moment generating function (MGF),
which agrees well with the numerical simulations.
The remainder of this paper is organized as follows. In
Section II, the principles of DCSK modulation and the MIMO
relay DCSK-CD system are reviewed and described, respec-
tively. In Section III, performance analysis on the new system
is carried out, with a close form BER expression derived.
Simulation results are shown in Section IV and conclusions
are given in Section V.
II. SYSTEM MODEL
In this section, the multi-user DCSK system is introduced
based on Walsh code, and then a new multi-access MIMO
relay DCSK-CD system is proposed. In the rest of this paper,
it is assumed that all the independent channels satisfy the
same channel condition, that is, all channels have the same
Gaussian-distributed random noise with the power spectral
density of N0. Also, equal-gain combiner (EGC) is adopted at
the receivers in the systems because it not only can improve
the error performance but also can be easily implemented [29].
A. Principle of DCSK Modulation
DCSK modulation employs a chaotic signal as the carrier,
with differential shift keying modulators, for transmission.
When the chaotic signal is generated by a discrete-time chaotic
circuit, the global spreading factor is 2β [4]. Fig. 1 shows the
block diagram of the binary DCSK communication system.
As seem from this figure, the binary DCSK modulation unit
transmits a reference segment of the chaotic signal in the
first half of the symbol duration and, according to the bit
information, it repeats or reverses the segment in the last
half of the duration to “1” or “0” respectively. The lth binary
transmitted signal is represented by a sequence of samples of
the chaotic signal whose length is 2β, in which the jth sample
is given by
sj =
{
cj j = 2(l − 1)β + 1, · · · , (2l − 1)β
(2bl − 1)cj−β j = (2l − 1)β + 1, · · · , 2lβ
(1)
where the lth transmitted symbol is denoted by
bl = {0, 1} (2)
Here, “0” and “1” appear with the same probability.
The output signal of the multipath fading channel, repre-
sented by rj(t), can be expressed as
rj(t) =
L∑
i=1
αisj−τi + nj , j = 2(l− 1)β + 1, · · · , 2lβ (3)
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Fig. 1. Block diagram of the DCSK communication system: transmitter (a)
and receiver (b).
where αi and τi are the independent Nakagami-distributed ran-
dom variable and the time delay of the ith path, respectively,
L is the number of fading paths, and nj is the Gaussian-
distributed random noise with the power spectral density of
N0. The demodulated signal is given by
z =
∫ T
T/2
r(t)r(t − T/2)dt (4)
where T is the duration period of a bit.
B. DCSK System Based on Walsh Code
For a multi-access DCSK communication system, the or-
thogonal Walsh code sequences are adopted to ensure the or-
thogonality of the signals among different users [3]. However,
the interference among different users can be neglected if the
Walsh code is synchronized.
Consider a system with U users. Let f denote the length
of each carrier segment and 2β denote the global spreading
factor. The 2U -order Walsh code is used to accommodate the
U users. During the modulation, one keeps f = 2β/2U in
order to ensure the global spreading factor 2β be constant.
The lth transmitted signal of the uth user can be expressed by
the 2U -order orthogonal Walsh code, as follows:
su,bl =
2U−1∑
i=0
w2u−bl,i c(t− i
T
2U
), 0 < t < T (5)
where bl is the lth transmitted symbol and wk, (k =
1, 2, · · · , 2U ) is a row vector of the 2U -order Walsh code.
During the demodulation process, the generalized maximum
likelihood (GML) detector [30] should be applied instead of
the differentially coherent detector. The block diagram of the
GML detector for the uth user is plotted in Fig. 2, and the
weighted energy combined of the lth received signal of the
uth user is expressed as
Eu,bl =
∫ T
T−T/2U
[
2U−1∑
i=0
r(t − i T
2U
)w2u−bl ,2U−i
]2
dt (6)
Here, r(t − iT/2U) represents the received signal which has
delay iT/2U .
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Fig. 2. Block diagram of the GML detector for the uth user.
For example, to accommodate 2 users, the system should
use the 4-order Walsh code sequences where
W4 =


w1
w2
w3
w4

 =


+1 +1 +1 +1
+1 −1 +1 −1
+1 +1 −1 −1
+1 −1 −1 +1

 (7)
Each user selects a couple of vectors to form the transmitted
signal. User 1 can take w1 and w2 for bit “1” and ”0”, and
user 2 can adopt the rest two vectors.
C. Two-user MIMO Relay DCSK-CD System
Consider a two-hop network system model with two users
(sources), one destination and one relay. Both the relay and
destination can employ multiple antennas while each user
possesses only one antenna. The channels constructed by the
transmit-receive antenna pairs are independent and subjected
to static block frequency-selective fading, meaning that the
channel state remains constant during each transmission pe-
riod. In this system, the users do not cooperate with each other
in sending messages but only the relay helps them to transmit
messages to the destination. To simplify the analysis, it is
assumed that a transmission period is divided into broadcast
phase and cooperative phase, denoted as 1st time slot and 2nd
time slot, respectively. In the 1st time slot, users broadcast
their messages to other terminals (relay and destination), and
then the relay cooperates with two users to send their messages
to the destination in the 2nd time slot. The basic system model
is presented in Fig. 3, where each user can support only
one transmit antenna, the relay possesses MR antennas used
under ideal condition (error free (EF) at the relay antennas)
or decode-and-forward (DF) protocol [31], and the destination
has MD receive antennas. The transmission principle of the
system is shown in Fig. 4, where XRA(t) and XRB(t) repre-
sent the information reconstructed by the relay. In particular,
XRA(t) = XA(t) and XRB(t) = XB(t) for the EF situation;
for the DF case, XRA(t) = XA(t) and XRB(t) = XB(t) if
the relay is able to decode the signal correctly, and XRA(t) =
XRB(t) = 0 otherwise. The function F (XRA(t), XRB(t))
describes the processing of the reconstructed signals. In the
proposed system, F (XRA(t), XRB(t)) = XRA(t) +XRB(t).
Consequently, the received signals at the relay and destination
antennas can be expressed as follows:
1st time slot:
r1R(t) = HAR ⊗XA(t) +HBR ⊗XB(t) + Z1R(t)
r1D(t) = HAD ⊗XA(t) +HBD ⊗XB(t) + Z1D(t)
(8)
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Fig. 3. The basic model of the 2-user MIMO relay DCSK-CD system.
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2nd time slot:
r2D(t) = HRD ⊗ (XRA(t) +XRB(t)) + Z2D(t) (9)
Here, the superscripts “1” and “2” are used to denote the 1st
time slot and the 2nd time slot, ⊗ represents the convolution
operator, r1D(t) and r2D(t) are the total received signals at
destination for users A and B in the 1st time slot and the
2nd time slot, respectively, r1R(t) is the total received signals at
relay for two users in the 1st time slot. XA(t) and XB(t) is the
signal transmitted by user A and B, ZiR(t) and ZiD(t) (i = 1, 2)
are white Gaussian noise random variables with zero mean and
the power spectral density N0. The channel multipath impulse
response Hmn are modeled by a linear time-invariant process,
i.e., Hmn =
∑L
i=1 αiδ(t − τi), where αi and τi denote the
attenuation and time delay of the ith path, respectively, and L
represents the number of the multipath taps.
The channel coefficients | αi | follows a Nakagami distri-
bution, with the probability density function (PDF) given as
f|αi|(α) =
2
Γ(mi)
(
mi
Ωi
)mi
α2mi−1 exp
(
−mi
Ωi
α2
)
(10)
where mi is the fading parameter of the ith-path, Ωi equals
E(α2i ), and Γ(·) denotes the Gamma function. To simplify the
analysis, it is assumed that each fading channel has a uniform
scale parameter, meaning that Ωi/mi is constant for all the
paths. Meanwhile, the receiver knows all multipath parameters,
thus
∑L
i=1Ωi =
∑L
i=1 E(α
2
i ) = 1.
As two conventional DCSK systems, the DCSK-NC system
does not use any cooperative technique; for the DCSK-CC
system [12], which involves no relays, the users do cooperate
with each other to transmit messages. Fig. 5 shows the basic
model of the 2-user DCSK-CC system, where the parameters
are shown in the first paragraph of this subsection. Referring
to this figure, one can observe that the DCSK-CD system (see
Fig. 3) is quite different from the DCSK-CC system. In the
DCSK-CC system, the users broadcast their messages to other
terminals (the other user and destination) in the 1st time slot.
Then, these two users cooperate with each other to send their
4.
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Fig. 5. The basic model of the 2-user DCSK-CC system.
messages to the destination through two different channels in
the 2nd time slot.
Comparing with the DCSK-CC system, a pair of transmit-
receive antennas can be used to construct an independent
fading channel in the proposed DCSK-CD system without
increasing much complexity. Thus, the anti-fading capacity
can be significantly enhanced. As a result, a considerable
performance gain is obtained by incorporating the MIMO relay
technology into the DCSK system.
III. PERFORMANCE ANALYSIS
In this section, the exact BER expression of DCSK-NC
system [32] is re-derived over Nakagami fading channels in
order to obtain the bit error rate (BER) formula about the
multi-access MIMO relay DCSK-CD system. Furthermore, a
method is presented in closed-form for approximating the BER
expressions of the DCSK-NC and the proposed system. In
the following analysis, we assume that the energy per bit is
constant, denoted by Eb, the Walsh code used in the system
has been perfectly synchronized, and the time delay of each
path τi is much shorter than the bit duration (τi ≪ 2βTs, Ts
is the sampling period of the chaotic signal), so that the inter-
symbol interference (ISI) in the transmission can be neglected.
A. Exact BER of Conventional DCSK-NC System
First, the BER expression of the DCSK-NC system is re-
derived over Nakagami fading channels.
The signal-to-noise ratio (SNR) per bit of the γb at the
receiver can be expressed as
γb =
L∑
i=1
γi =
Eb
N0
L∑
i=1
α2i (11)
where the bit energy Eb is defined by Eb = 2βE[(cj)2],
N0 is the power specral density of noise. L is the number
of independent fading paths, γi is the instantaneous SNR of
the ith path. and αi is the Nakagami-distributed varaible with
parameter mi.
It is well known that the square of a Nakagami-distributed
random variable follows a gamma distribution. The PDF of a
gamma-distributed variable X with parameters a > 0, b > 0,
denoted as X ∼ G(a, b), is given by
f(x) =
xa−1e−x/b
baΓ(a)
, x > 0 (12)
As αi is the Nakagami-distributed variable with parameter mi,
we have γi = (Eb/N0)α2i ∼ G (mi, (Eb/N0)Ωi/mi). The
MGF of the variable X ∼ G(a, b) is given by [33]
M(s) = (1− sb)−a (13)
Since γ1, · · · , γL are statistically independent and Ωi/mi is
constant, we can get the MGF of γb =
∑L
i=1 γi through [33]
Mγb(s) =
L∏
i=1
(1− s (Eb/N0)Ωi
mi
)−mi (14)
Thus the distribution of γb can be obtained using the inverse
MGF transform of (14), resulting in
γb ∼ G


L∑
i=1
mi,
Eb
L∑
i=1
Ωi
N0
L∑
i=1
mi

 = G
(
mL,
Eb/N0
mL
)
(15)
where mi(m1 = m2, · · · ,= mL = m) is the Nakagami
fading parameter of the ith path which controls the depth of
the fading envelope. Hence, the PDF of γb can be written as
f(γb) =
γmL−1b e
−γb/
(
Eb/N0
mL
)
(
Eb/N0
mL
)mL
Γ(mL)
(16)
The conditional BER of the DCSK-NC system as a function
of the received SNR is given by [32]
BER(γb) =
1
2
erfc
([
4
γb
(
1 +
f
2γb
)− 1
2
])
= Q


√
γ2b
2γb + f

 (17)
where f is the length of each carrier segment, erfc(·) is defined
as
erfc(x) = 2√
pi
∫ ∞
x
e−λ
2
dλ (18)
and Q(·) is the Gaussian Q-fuction. Combining (16) and
(17), the BER of the DCSK-NC system can be obtained by
averaging the conditional BER, as follows:
BER =
∫ ∞
0
BER(γb)f(γb)dγb (19)
This formula will be used for deriving the exact BER expres-
sions of the MIMO relay DCSK-CD system with different
relay protocols in the next section.
B. Exact BER of Multi-access MIMO Relay DCSK-CD System
In the multi-access MIMO relay DCSK-CD system, assume
that the fading coefficient αi of each path is independent and
identically-distributed (i. i. d.). Consider a system includes n
users with only one antenna, one receiver with MD antennas
and one relay with MR antennas. To simplify the analysis, also
assume that the transmitted messages arrived at each receive
antenna possess identical energy and all independent channels
are subjected to the same channel condition. Moreover, let 2β
denote the global spreading factor, and the dSD, dSR, dRD
denote the distance of source to destination (S-D), source to
5relay (S-R) and relay to destination (R-D) links, respectively,
thus dSD : dSR : dRD represents the geometric positions
of the users. The path loss of the S-D link is given by
PL(S,D) = 1/d2SD.
For easily deriving the the exact BER of the multi-access
MIMO relay DCSK-CD system with different protocols, we
should introduce the following two theorems.
Theorem 1. Given N independent gamma random variables
X1, X2, · · · , XN , where Xk ∼ G(ak, b) (k = 1, · · · , N). The
sum of these variables X =
∑N
k=1Xk also follows a gamma
distribution, denoted as X ∼ G(∑Nk=1 ak, b).
Theorem 2. Assume that N independent gamma ran-
dom variables X1, X2, · · · , XN are distributed as Xk ∼
G(ak, bk) (k = 1, · · · , N) where b1 6= b2, · · · , 6= bN . The
PDF of the sum of these variables X =
∑N
k=1Xk is expressed
as [34]
f(x) = C
∞∑
i=0
(
ηix
ρ+i−1e−x/b0/
[
Γ(ρ+ i)bρ+10
])
(20)
which is subjected to

C =
N∏
k=1
(b0/bk)
ak
ηi+1 =
1
i+ 1
i+1∑
t=1
tztηi+1−t i = 0, 1, 2, · · ·
zj =
N∑
k=1
ak(1− b0/bk)j/j j = 1, 2, · · ·
ρ =
N∑
k=1
ak > 0
b0 = min
k
(bk)
(21)
where η0 = 1.
1) BER with EF protocol for the relay (ideal condition):
Assume that the relay can receive messages from the users
without errors, namely, the BER of S-R link is zero. Obviously,
there are MD, MR and MRMD independent Nakagami fading
channels for S-D link, S-R link and R-D link. The conditional
BER and total BER expressions of the proposed system are
expressed by (17) and (19). Thus, what needs to do is to
deduce the PDF of the total received SNR. Let the received
SNRs for the relay and the destination in the 1st time slot be
denoted by γSR and γSD, and similarly the received SNR for
the destination in the 2nd time slot be denoted by γRD .
In the 1st time slot, namely the broadcast phase, based
on the equivalent transmitted SNR of this channel is
(Eb/2MD)/N0, one can easily obtain the distribution of the
received SNR for the kth source-destination antenna pair, as
follows:
γSD−k ∼ G
(
mL, (Eb/N0)/(2MDd
2
SDmnL)
)
Thus, the distribution of γSD can be deduced using Theorem 1,
shown as
γSD =
MD∑
k=1
γSD−k ∼ G
(
MDmL,
Eb/N0
2MDd2SDmnL
)
= G(a1, b1)
(22)
where m is the Nakagami fading parameter of each
path, n is the number of users. In the following, a1
and b1 are used as short-hand notations for MDmL and
(Eb/N0)/(2MDd
2
SDmnL), respectively.
Similarly, in the 2nd time slot, one can get the distribution
of received SNR for the kth antenna pair for R-D link,
namely γRD−k ∼ G
(
mL, (Eb/N0)/(2MRMDd
2
RDmnL)
)
.
Thus, γRD is given by
γRD =
MRMD∑
k=1
γRD−k ∼ G
(
MRMDmL,
Eb/N0
2MRMDd2RDmnL
)
= G(a2, b2)
(23)
Here, likewise, a2 and b2 are short-hand notations for
MRMDmL and (Eb/N0)/(2MRMDd2RDmnL).
Finally, using the equal-gain combining method, the total
received SNR for destination with two signals from the relay
and one source γD can be formulated as
γD = (γSD + γRD)/
√
2 (24)
where dividing by
√
2 (normalized factor) is used to keep the
total received energy for the destination from two different
terminals in the proposed system be consistent with the ones
of the DCSK-NC system.
Combining (22)-(24) with Theorems 1 and 2, we can write
the PDF of γD as
f(γD) =


γa1+a2−1D e
−γD/(b1/
√
2)
(b1/
√
2)a1+a2Γ(a1 + a2)
if b1 = b2
C
∞∑
i=0
(
ηiγ
ρ+i−1
D e
−γD/b0
Γ(ρ+ i)bρ+10
)
if b1 6= b2
(25)
where all parameters are as shown in (21)-(23).
Substituting (17) and (25) into (19), one can get the exact
BER formula of the proposed system under the ideal condition
as (26), where f is the length of each carrier segment.
2) BER with DF protocol for the relay: As one of the
most popular relaying techniques employed in cooperative
diversity systems, DF protocol performs such that if the relay
can decode the received signal correctly, then it forwards
the decoded message to the destination in the 2nd time slot,
otherwise, it remains idle. The BER of the DF case is based
on the one of the EF protocol, described as
BERDF = BERSR ·BERSD + (1−BERSR) ·BERD (27)
where BERSR, BERSD and BERD denote the BER of the
relay receiver with one signal from one source, the BER of the
destination receiver with one signal from one source, and the
total BER of the destination receiver with two signals from
one source and the relay, respectively. The distribution of the
6BEREF = BERD =
∫ ∞
0
BER(γD)f(γD)dγD
=


∫ ∞
0
γa1+a2−1D e
−γD/(b1/
√
2)
(b1/
√
2)a1+a2Γ(a1 + a2)
Q


√
γ2D
2γD + f

dγD if b1 = b2
∫ ∞
0
(
C
∞∑
i=0
(
ηiγ
ρ+i−1
D e
−γD/b0
Γ(ρ+ i)bρ+10
))
Q


√
γ2D
2γD + f

dγD if b1 6= b2
=


1
(b1/
√
2)a1+a2Γ(a1 + a2)
∫ ∞
0
γa1+a2−1D e
−γD/(b1/
√
2)Q


√
γ2D
2γD + f

dγD if b1 = b2
C
∫ ∞
0
( ∞∑
i=0
(
ηiγ
ρ+i−1
D e
−γD/b0
Γ(ρ+ i)bρ+10
))
Q


√
γ2D
2γD + f

dγD if b1 6= b2
(26)
received SNR for the relay is
γSR =
MR∑
k=1
γSR−k ∼ G
(
MRmL,
Eb/N0
2MRd2SRmnL
)
= G(a3, b3)
(28)
where γSR−k is the received SNR for the kth S-R channel,
expressed as γSR−k ∼ G
(
mL, (Eb/N0)/(2MRd
2
SRmnL)
)
,
and and a3 and b3 are short-hand notations for MRmL and
(Eb/N0)/(2MRd
2
SRmnL).
The distributions of γSD and γD here are the same as the
ones under the ideal condition, with expressions shown in (22)
and (25) respectively. Then we can obtain the PDFs of these
three variables, denoted by f(γSR), f(γSD), and f(γD). The
conditional BERs for these variables are identical, as shown in
(17). Accordingly, the expression of BERD is shown in (26),
while BERSR and BERSD can be calculated by (19), thus
we have
BERSR =
∫ ∞
0
γa3−1SR e
−γSR/b3
ba33 Γ(a3)
Q


√
γ2SR
2γSR + f

dγSR
=
1
ba33 Γ(a3)
∫ ∞
0
γa3−1SR e
−γSR/b3Q


√
γ2SR
2γSR + f

dγSR
(29)
BERSD =
1
ba11 Γ(a1)
∫ ∞
0
γa1−1SD e
−γSD/b1
×Q


√
γ2SD
2γSD + f

 dγSD (30)
Finally, substituting (26), (29) and (30) into (27), the BER of
the proposed system with DF relay protocol can be formulated.
C. Approximate Results of the DCSK-NC System and the
Proposed System
Although the exact average BER can be computed through
numerical evaluation of the double integral in (19) with
different PDFs of received SNRs. It is very difficult to
calculate the integrations of (19) and (26) arising from the
nonlinear behavior of the function. To resolve this problem,
an approximated method based on the MGF [33] is proposed
to simplify the expression of the BER into a closed-form.
1) DCSK-NC system: To begin with, define w as a function
of γb, as
w =
γ2b
2γb + f
(31)
Substituting (31) into (19) gives the BER expression via
averaging the conditional BER of w
BER =
∫ ∞
0
Q(
√
w)fw(w)dw
=
1
pi
∫ pi/2
0
∫ ∞
0
fw(w)e
− w
2sin2θ dwdθ
(32)
where the Gaussian Q-function may be represented as
Q(
√
w) = (1/pi)
∫ pi/2
0
e−
w
2sin2θ dθ.
Since the MGF of w is the Laplace transform of fw(w)
with the exponent reversed in sign, defined as Mw(s) =∫∞
0
eswfw(w)dw, putting it into (32) yields
BER =
1
pi
∫ pi/2
0
Mw
(
− 1
2sin2θ
)
dθ (33)
Assume that γb ∼ G(a, b). Then, the variable w can be ap-
proximately described by a Gamma distribution [35], denoted
as G(aw, bw), with parameters given by

aw = a
(
γ¯ + f/2
γ¯ + f
)2
bw =
bγ¯(γ¯ + f)2
2(γ¯ + f/2)3
(34)
where γ¯ =
∑L
i=1 γ¯i = (Eb/N0)
∑L
i=1 E(α
2
i ) = Eb/N0 and
f is the length of each carrier segment.
The MGF of w ∼ G(aw, bw) can be formulated using (13)
Mw(s) = (1− sbw)−aw (35)
Substituting (35) into (33) gives the following expression:
BER =
1
pi
∫ pi/2
0
(
1 +
bw
2sin2θ
)−aw
dθ (36)
7which can be written in closed-form by using the definite
integral derived in [33]. Hence, the approximate result of the
BER formula of the DCSK-NC system is
BER ≈ 1
2
√
2pi
·
√
bw Γ
(
aw +
1
2
)
(
1 + bw2
)aw+ 12 Γ(aw + 1)
×2F1
(
1, aw +
1
2
; aw + 1;
2
2 + bw
) (37)
where 2F1(·, ·; ·; ·) is the Gaussian hypergeometric function
shown in [36]. It should be noted that the approximate result
will become more accurate as the number of paths increases.
2) MIMO DCSK-CD system: We only consider the approxi-
mate BER expression with EF protocol over the Nakagami fad-
ing channel, which is the foundation to derive the one with the
DF case. It is known from (25) that γD = (γSD + γRD)/
√
2
is a gamma-distributed variable if b1 = b2, denoted as
γD ∼ G(a1 + a2, b1/
√
2). Combining the equation b1 = b2
with (22) and (23), we conclude that γD follows gamma
distribution provided that dSD/dRD =
√
MR. In this case,
one can also use (37) to estimate the BER of such a system
with different parameters (aef , bef) where

aef = (a1 + a2)
(
γ¯D + f/2
γ¯D + f
)2
bef =
b1γ¯D(γ¯D + f)
2
2
√
2(γ¯D + f/2)3
(38)
Here, γ¯D =
∑L
i=1 γ¯iD = E(γD).
Hence, the approximate BER expression is
BEREF ≈ 1
2
√
2pi
·
√
bef Γ
(
aef +
1
2
)
(
1 + bef2
)aef+ 12 Γ(aef + 1)
×2F1
(
1, aef +
1
2
; aef + 1;
2
2 + bef
) (39)
The approximate result of the DCSK-CD system with DF
protocol can be obtained similarly. However, in the case of
b1 6= b2, it is not possible to derive the MGF for γD since
it does not follow gamma or any other regular distributions.
Therefore, the close-form BER expression is unavailable to-
day.
IV. SIMULATION RESULTS
In this section, some numerical calculation, approximation
and simulation results of BER are presented. Since the perfor-
mance of the multi-access system with more than three users
is the same as that with two users when the energy of each
user is constant, we only consider the systems with two users
here.
It is assumed that all channels have the same Gaussian-
distributed random noise and the same path-loss model. The
transmission energy per bit is kept constant and the energy of
each path is allocated uniformly. Unless otherwise stated, the
simulations are performed in 2-user systems over Nakagami
fading channels, with parameters m = 1 and L = 2. The
delay vector τ = (τ1, τ2) = (0, Ts). The global spreading
factor of DCSK is much higher than the path delay τi,
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Fig. 6. BER curves of three different systems with the EF protocol (a) and
the DF protocol (b).
namely 2βTs ≫ τi. In the experiments, (MR,MD) is used
to represent the number of antenna pairs at the relay and the
destination, respectively.
A. Performance Comparison among the MIMO Relay DCSK-
CD, DCSK-CC and DCSK-NC Systems
Fig. 6 plots the BER curves of the DCSK-NC, the con-
ventional DCSK-CC and the MIMO relay DCSK-CD systems
with EF (the ideal condition) protocol and DF protocol over
Nakagami fading channels, where dSD : dSR : dRD and
(MR,MD) are set to 1 : 1 : 1 and (1, 1), respectively. The
global spreading factor considered here is 2β = 128 (f = 32).
Referring to this figure, the BER performance of the proposed
DCSK-CD and the DCSK-CC systems is remarkably better
than the DCSK-NC system at a BER of 4×10−3. It also shows
that the performance of the DCSK-CD system outperforms
the DCSK-CC system by about 1 dB for BER = 4 × 10−3
under these two conditions. Furthermore, we observe that
the numerical BER and the simulation results are highly
consistent. More performance gain of the proposed system can
be expected as (MR,MD) becomes larger.
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Fig. 7. BER curves of the MIMO relay DCSK-CD systems with EF and DF
protocols for different fading depths.
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Fig. 8. BER curves of the MIMO relay DCSK-CD systems with different
antenna pairs.
Further, Fig. 7 plots the BER curves of the proposed
DCSK-CD system with EF and DF protocols for different
fading depths. The parameters used are the same as those
in Fig. 6 except that the fading parameter m now varies
(m = 0.5, 0.8, 1, 2). Referring to this figure, the performance
gap (distance between the two curves for a given BER)
between the EF and DF protocols becomes larger as the fading
depth increases (m decreases), for example, the EF protocol
has a performance gain about 1.5 dB over the DF case at a
BER of 2 × 10−3 when m = 0.5. However, we also observe
that the performance of the proposed system with DF protocol
very approaches that of the EF case when the value of m is
over one because the relay can successfully decode most of
the transmitted bits.
B. Performance of Two-user MIMO Relay DCSK-CD System
To further justify the applicability of the proposed system,
some practical environments are now discussed for this system
with DF protocol. Assume that dSD : dSR : dRD = 1 : 1 : 1
and 2β = 128. The BER curves for different (MR,MD)
pairs are shown in Fig. 8. One can observe that the BER
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Fig. 9. BER curves of the MIMO relay DCSK-CD systems with different
distance ratios.
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Fig. 10. BER curves of the proposed systems with different spreading factors.
performance of the proposed system will be improved as
the diversity order MRMD increases for obtaining more
spatial diversity gain. For example, the proposed system with
(MR,MD) = (3, 2) has a gain about 3 dB over that with
(1, 1) at a BER of 2× 10−4, and it is likely to be even more
in the higher SNR region. Also, the influence of different
distance ratios on the system performance was investigated.
The users always choose a relay which is much closer to the
destination and cooperate with them to transmit messages. In
this situation, we assume that 2β and (MR,MD) here maintain
128 and (2, 2). The distance ratio dSD : dSR : dRD is set to
be 1 : 0.8 : 0.4 and 1 : 1 : 1, respectively. The BER curves of
these two cases with DF are plotted in Fig. 9. It illustrates that
when dSD is fixed, the system with less dSR or dRD distance
exhibits better performance for obtaining extra path-gain (less
path-loss).
In addition, Fig. 10 depicts the BER curves of the systems
with three different spreading factors. The parameters dSD :
dSR : dRD, (MR,MD) and m are assumed to be 1 : 1 :
1, (2, 2) and 1 while the global spreading factors 2β = 64, 128
and 256 are considered. In this figure, we observe that better
performance can be expected for a smaller spreading factor
9when the energy per bit is constant provided that 2βTs ≫ τi
since the average energy of each sampling point E{(ci)2} =
Eb/(2β) will decrease as 2β becomes larger and thus results
in worse anti-noise capacity.
C. Discussion about the Threshold of Antenna Numbers for
the Proposed System
Given a certain value of fading factor m and path number
L of the Nakagami fading channel, the diversity order of the
proposed system is MRMD. As the energy per bit is set to
constant, i.e., Eb is unit energy, the transmission energy of
each individual channel constructed by transmit-receive an-
tenna in the R-D link is Eb/(2MRMD) (another Eb/2 energy
is used by source in the 1st time slot). Consequently, the
system performance should be improved as MRMD increases
when this parameter is small since the performance gain
from a higher diversity order is larger than the performance
loss from the worse anti-noise capacity, especially in the
high SNR region. However, the system performance is no
longer improved if MRMD exceeds a certain threshold as the
transmission energy is extremely low so that the effect of the
diversity gain can just offset the effect of the deteriorated anti-
noise capacity. Consequently, there is a threshold of the value
of MRMD in the proposed system where the influence of
parameter MR is equivalent to that of MD, and this threshold
can be obtained through observation of the corresponding
theoretical performance curves.
Based on the aforementioned analysis, the system perfor-
mance will become better as the diversity order MRMD be-
comes larger, but the complexity will increase simultaneously.
Moreover, the performance gain is negligible when MRMD
exceeds a certain threshold. So, a trade-off between system
complexity and performance should be considered. As the
effect of the parameters MR and MD are equivalent in such a
system, the discussion here is only focusing on the influence
of the parameter MR while keeping MD constant, and vice
versa. Assume that dSD : dSR : dRD = 1 : 1 : 1, 2β = 128
and MD = 2. Fig. 11 shows the exact BER curves obtained
from numerical calculation with DF protocol in Sect. III-B.
Referring to this figure, the system performance is almost
no longer improved if the MR is over four, because the
transmission energy for the channel that constructed by the
transmit-receive antenna pair is extremely low, which makes
the performance gain from the spatial diversity merely the
same as the performance loss from the worse anti-noise
capacity. Accordingly, M∗R = 4 and (MRMD)
∗
= 8, can
be seen as a threshold for MR and MRMD in the proposed
system, respectively.
D. Performance Comparison between Approximate and Exact
BER Results
From the numerical and simulation results shown in the
previous subsections, we conclude that they agree quite well.
In this subsection, the performance of the approximate (APP)
BER expressions in Sect. III-C is compared with the exact
BER results in Sect. III-A and III-B, thereby verifying the
accuracy of the closed-form expressions.
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Fig. 11. The BER curves of the proposed system with different numbers of
relay antennas. The number of destination antennas (MD) is set to 2.
We assume that the system parameters dSD : dSR :
dRD, (MR,MD) and 2β are set to 1 : 1 : 1, (1, 1) and 128,
respectively. Therefore, the precondition of the formula (39)
is fulfilled, i.e., dSD/dRD =
√
MR = 1. The APP BER and
the exact BER curves of DCSK-NC and MIMO relay DCSK-
CD systems with different numbers of paths are presented
in Fig. 12. It implies that as the number of paths increases,
the performance curves of approximate BER and exact BER
expressions become more consistent for such two systems. In
particular, referring to Fig. 12(b), the APP BER curve is much
closer to the exact one when L = 8 as compared to those of
L = 2 and L = 4. Based on the experimental results, we may
conclude that the approximate BER expressions are expected
to be more accurate with a large number of paths.
V. CONCLUSIONS
In this paper, a MIMO relay DCSK-CD system has
been proposed as a comprehensive cooperation scheme to
strengthen the robustness of anti-fading in a wireless network,
where both the relay and the destination can support multiple
antennas, to get more spatial diversity gain. An exact BER
formula and the corresponding closed-form approximate ex-
pression are derived over Nakagami fading channels, which
agree well with the simulation results. Comparing to the con-
ventional DCSK-NC and DCSK-CC systems, the performance
gain of the proposed system with one antenna for relay and
destination is about 4 dB and 1 dB at a BER of 4 × 10−3,
respectively, and more performance gain can be expected with
a higher diversity order MRMD. Moreover, it was observed
that a trade-off between system performance and complexity
is needed when the energy of each user is kept constant, and
an optimal value of the number of antennas at relay (M∗R = 4)
is obtained through observation of the theoretical performance
curves when MD is set to 2. According to these advantages,
the proposed system has great potential in improving the
performance of energy-constrained wireless networks, such
as low-power and lower-cost WPANs. In the future, we will
strive to derive a close-form BER formula for the case of
dSD/dRD 6=
√
MR thereby resolving the remainder practical
problem in introducing the proposed system.
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